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Abstract
Level structure of 9Be is investigated calculating poles of the ααn three-
body scattering amplitude in the complex energy plane. We find 10 levels,
which make rotational bands in both positive and negative parities. All of
them, except 7/2+, have been observed experimentally and the corresponding
positions and widths reasonably well matched. The 7/2+ has a large width,
and therefore has not been found, but may cause a noise in the experiment.
No other levels are needed to explain the existing experimental observables
below 11.28 MeV, where the 9th excited state exists. We definitely assign it
9/2−.
21.45.+v, 21.60.-n, 24.30.-v, 25.10.+s
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9Be is a mysterious nucleus. The number of levels of the two Be isotopes, 8Be and
9Be, reported in the standard compilation[SC] [1], is considerably larger compared to lighter
nuclei(A≤7). The number of energy levels in 9Be counts 10 already below 12 MeV, whereas
only 3 levels are found in 8Be in the same energy region. While 3 levels of 8Be are simply
rotational levels(ℓ=0,2,4), the nuclear structure of these 10 levels is not trivial. Thus 9Be
seems a gateway into heavier nuclei where levels are rich and non-trivial of low excitation.
All levels except for the ground state are resonances. They usually have decay widths
considerably large, which makes the experiment difficult. Among these ten levels, only the
6 lowest lying levels below 5 MeV are experimentally understood without any ambiguity.
Although the level ordering is complicated, these 6 levels are low spin states 1/2±-5/2±.
Two different categories of the nuclear structure are possible in the energy region of 5-12
MeV according to the shell model prediction. One of them is a second level of low spin
states, such as 3/2−2 , and the other is high spin states such as 7/2
±. They make the level
structure of this nucleus ambiguous. Two correlated new measurements[NM] [2,3] strongly
contradict SC in this region.
According to NM only one definite bump can be seen at 6.7 MeV where SC reports a
7/2− level, whereas NM report two levels: 7/2− at 6.38, and 9/2+ at 6.76 MeV. They find
it necessary to introduce two levels in order to explain consistently the angular distribution
of the bump both in the cross section and in the analyzing power . SC reports a level 1/2−2
at 7.94 MeV, which is not reported in NM. Instead, NM report a new level 3/2−2 at 5.59
MeV which is not reported in SC. These are the second levels of the same spin parity state
reported in the experiment. Thus the evidence of second levels is rather weak. They are
located on both sides of the 6.7 MeV bump and have widths of ∼ 1 MeV.
The first clear peak above this region is at 11.28 MeV, where no spin-parity assignments
are given in SC whereas a weak assignment of 7/2+ is given in NM.
As a result, a new compilation in a preliminary version [4] lists some low lying levels of
9Be with very few experimental evidences. Spin parity assignments, in considerable cases,
are unclear.
Many theoretical works [5]- [10] have been done on this nucleus, but the situation is
still rather confusing for lack of experimental knowledge. The most successful theoretical
work, so far, was done by Arai et al. [5], who worked in the framework of the microscopic
three-body model and used the complex scaling method to predict not only levels but also
the widths. The theoretical prediction by Arai et al. explained all low lying levels ,with
their positions and widths, except for the first excited level 1/2+. However, they did not
resolve the confusion described above.
All excited states below 12 MeV decays only into ααn three particles. There are no two
particle decaying channels. This means levels should be described in close relation to three-
particle scattering. Faddeev theory gives a rigorous tool to describe three-body dynamics.
It is well established that the low energy six-nucleon system(6He and 6Li) can be described
very well by Faddeev theory below the α particle breakup threshold within a framework of
an αNN three-body model [11]- [13]. The deuteron breakup reaction on the α particle is
widely explained [12], for which no other approach has been successful. Resonance poles in
the complex energy plane were also investigated [13].
Here we adopt a similar approach introducing a three-body ααn model. We look for
levels as poles in the three-body scattering amplitude. The approach is in many ways phe-
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nomenological, but proper treatment of three-body dynamics gives a solid base to describe
all possible low lying resonance states that couple strongly to the ααn decaying channel.
The thresholds corresponding to various channels in the scattering amplitude are given ex-
plicitly by the two-body interactions adopted. In order to make sure that the existence
of poles of the scattering amplitude is potental independent, we use different two-body in-
teractions which have been reported in the past. They are parametrized such that they
reproduce phase shifts in the αα and αn scattering reasonably well, and therefore describe
all thresholds correctly.
We use homogenous AGS equations [14] and calculate the eigenvalue λ(E) with a complex
energie E:
χc(q, E) = λ(E)
∑
c′
∫
∞
0
q′2dqZcc′(q, q
′ : E)τc′(E −
q′2
2µ
)χc′(q
′, E). (1)
If λ(E) = 1 at a certain energy E, there is a pole in the scattering amplitude. Since the
poles are in the complex energy plane, a special treatment is needed. We adopt the contour
deformation method which is well known as a technique to solve the scattering equations.
The method can be found in ref. [13]. Instead of taking a straight line for q, we adopt a
straight contour up to a certain point, then run parallel to the real axis. This is necessary
because the form factor used in the present work is more sophisticated than in ref. [13].
There are several thresholds in the scattering amplitude. In addition to the breakup
threshold, there are αα and αn thresholds from their respective interactions in ℓ=0,2,4 and
p3/2, p1/2. These thresholds cause singularities in the energy plane. Since levels in two-body
subsystems are resonances, the singularities, where the cuts start toward the infinity, are
complex. In the present calculation, we choose a contour which makes all the cuts start from
corresponding singularities downward parallel to the imaginary axis, before running toward
positive infinity parallel to the real axis.
In order to use this technique which requires one dimensional integral equations, we use
separable potentials in two-body subsystems. If the potential is local, we make a separable
expansion. Two-body interactions we use are as follows. To describe the more important αα
interaction, we use standard potentials reported in the literature. We use Ali-Bodmer(AB)
potential [15] as well as Chien-Brown(CB) potential [16]. A separable expansion is done for
both potentials and convergence check has been done carefully both in two and three-body
systems. We also use a separable UIM potential derived from RGM theory [17]. For the
αn interaction, we adopt simple Yamaguchi type separable potentials. We use a repulsive
potential for s-wave, while attractive potentials for p3/2 and p1/2 waves. With potentials
described above, we can try different combinations. Two of them, with AB and CB, have
been successfully used by Cravo [18] in the ground state calculation 9Be, treating Coulomb
interaction properly.
In order to keep the calculation possible above scattering thresholds, we neglect the
Coulomb interaction between the α’s, which causes a shift in the energy levels as well as
minor change in the width. The shift is rather small, about 1.8 MeV, and is expected to
remain unchanged [7] for all the levels, keeping the level spacing the same.
The binding energy of 9Be calculated with UIM is -3.32 MeV. Taking 1.8 MeV as the
energy shift due to the Coulomb interaction [18], one gets a good fit to the experiment.
Therefore, throughout this report, we show our result with UIM. Assuming the Coulomb
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energy shift constant, we give excitation energies from the calculated ground state energy.
We should notice that we find all potentials described above give more or less the same
results for all levels given below; general features described here are potential independent.
Table 1 shows our results and the results by Arai et al. for 6 well understood levels
together with the experiment. Both calculations give a good fit to the experiment except
for the first excited state 1/2+. We could not obtain the first excited state(1/2+) pole with
the contour used in the present calculation. However, the eigenvalue in the hemogenous
equations shows that there is a pole in the complex energy plane. Therefore, it should be a
virtual state pole, as pointed out by Efros and Bang [19], which we are now looking for.
In the absence of an αn ℓ·s force, two levels, in general, are degenerate. They are, for
instance, 3/2+ and 5/2+ in the positive parity, or 3/2− and 1/2− in the negative parity. As
a matter of fact, these states are almost degenerate in 9ΛBe, because the αΛ ℓ·s force is very
small [20]. The ℓ·s force makes αn p3/2 and p1/2 interactions different.
Because two-body αn p3/2 interaction is stronger, the three-body state with a larger αn
p3/2 component has a lower resonance energy. The resonance energy for 5/2
+ is lower than
3/2+ as can be seen in Table 1. In the positive parity states, higher spin state 5/2+ in this
case, has lower resonance energy than the other. Note that the width is considerably small at
the same time. We will see the same phenomena throughout this paper. Among two levels,
which would be degenerate without an αn ℓ·s force, the one with lower resonance energy
always has a smaller width. The fifth excited state, 3/2+, is located just above the αα ℓ=2
thresholds with a large width. Reducing the αn p-wave interaction, we find the position of
this resonance hardly changes any more, although the width becomes larger. The resonance
energy of this state is already maximum. Resonance energies, in general, are constrained by
the related threshold.
The argument of the rotational band predict the existence of 9/2+ and 7/2+ [6]. We
find them with (E, Γ ) = (6.65, 2.46) MeV and (E, Γ ) = (8.13, 6.32) MeV, respectively.
The ℓ·s force give a similar difference both in E and Γ to the pair (9/2+,7/2+) as the pair
(5/2+, 3/2+). The 9/2+ was found in NM. The newly predicted resonance 7/2+ introduced
a confusion into the interpretation of the experiment as we will discuss later. We summa-
rize higher lying resonances predicted by the present calculation in Table 2 together with
corresponding experiments and Arai’s calculation.
Among the first negative parity pair (3/2−, 1/2−), which would be degenerate without
αn ℓ·s force, the former has lower energy. Little influence of αn p3/2-wave interaction is
expected in 1/2−, because the other α particle is in d wave relative to the interacting p3/2
pair. The situation is different in the second negative parity pair (5/2−, 7/2−). We find
5/2− already in Table 1. On the contrary, 7/2− has a resonance energy large as can be seen
in Table 2 . Not only the resonance energy, but also the width is considerably larger in 7/2−.
Again they are correlated in the pair. Both states 5/2− as well as 7/2− are in reasonable
agreement with experiments SC and NM.
The width of 5/2− is extremely small. It is less than 10−3 in our calculation which
is consistent with the experiment. Extremely small width indicates that the effect of the
opening channel is small; i.e., it is a quasi bound state. The 5/2− level is a high spin level,
which is clear from the argument of the degeneracy, and has small influence from opening
αα ℓ=0 channel. Reducing the p-wave αn interaction, we trace the resonance energy and
the width in 5/2−. We find the width is reasonably large only after the resonance energy is
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above the αα ℓ= 2 channel threshold.
Since the 5/2− resonance is so strong as a quasi bound state, we expect higher spin state
9/2− in the same rotational band. We find it at (E, Γ ) = (10.36, 1.14) MeV. We identify it
9Be(11.28) because of the energy and the width.No level assignment are given in SC, while
7/2+ has assigned in NM. The discussion given above in the 7/2+ is strongly against to this
assignment. A knowledge of the width is very critical for the spin-parity assignment.
The most serious disagreement found in SC and NM is less evident levels around 6.7 MeV
as summarized in Table 2. A 7.94 MeV resonance is reported in SC with Γ ∼ 1 MeV. Very
few experiments in SC treated this resonance. NM did not find this resonance or at least
did not find Γ reasonable. Our calculation predict a resonance at 8.13 MeV with extremely
large Γ (6.32 MeV). Having so large width, it is found in few experiments. An influence of
this resonance could be seen even below the bump at 7.6 MeV as a tail. NM actually find
something necessary to fill the gap at the lower tail of the bump. They introduced a new
resonance at 5.59 MeV which, very probably, is a tail of the 7/2+ resonance.
A comment should be given here. Although the existence of the second level (3/2)2 at
5.59 MeV has not been reported experimentally except for NM, it is predicted by a few
theoretical works as is shown by Arai et al. However, it should be noted the position of
(3/2)2 reported is very close to the αα ℓ = 2 threshold. The threshold effect may cause
some disturbance in the experiment. Although the present calculation suggest that the
structure found in NM may be a tail of higher broad resonance combined with the threshold
effect, more careful studies both in theory and experiment will be necessary with careful
treatment of the threshold. It would be important to clarify the position of the energy level
as well as the width relative to the singularity caused by αα ℓ = 2 resonance. Even the
Riemann sheet in the calculation may be different from corresponding measurement. In that
case, we should not regard the theoretical prediction to be confirmed by the experiment.
We can not find any signals of resonances at higher energies than the 9/2−. Therefore,
experimentally observed higher energy resonances have structures other than ααn. We do
not find it necessary to introduce second levels in low spin states to explain existing data
below 11.28 MeV. They will be found above it. Because they do not have an ααn structure,
the decay widths are expected to be small. Experimentally observed resonances above 11.28
MeV have smaller width. They support the present interpretation.
In conclusion, we found 10 levels within the framework of the three-body model. It should
be noted that the present paper introduces a new viewpoint on three-body resonances in
general, which has not been recognized clearly. The spin-parity can be assigned with a
help of the width. So far, works have been done within the framework of the three-body
model without considering complicated threshold effects correctly. Resonance positions are
strongly influenced by these thresholds, because resonances decay through these channels.
The threshold effect is definitely given in the present framework because it is the input of
the three-body equation through the rigorous solution of the two-body subsystem. As a
price, we started with phenomenological two-body interactions which is easier to treat. In
that framework, we only get well developed cluster levels.
Further works on this direction will unveil structures of few-body resonances. In a
subsequent paper [20], we discuss 9ΛBe within a similar model. Further works on three-body
resonant systems will be done carefully considering the relations of the resonance poles and
singularities. On that process, the knowledge of level structure of 9Be will become more
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definite.
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Table-1
Experimentally well established low lying levels
Present Arai et al. SC and NM
E (MeV) Γ (MeV) E (MeV) Γ (MeV) E (MeV) Γ (MeV)
3/2− 0 0 0 0 0 0
1/2+ (virtual state) 1.684 0.217
5/2− 2.33 < 10−3 2.27 0.001 2.429 0.00077
1/2− 2.82 0.50 2.63 0.46 2.780 1.08
5/2+ 3.91 0.35 3.41 0.6 3.049 0.282
3/2+ 4.95 1.95 4.7 1.6 4.704 0.743
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Table-2
Higher lying resonances
Energy Present Arai et al. SC NM
(MeV) E Γ Jpi E Γ Jpi E Γ Jpi E Γ Jpi
< 6.7 tail of the 7
2
+
4.3 0.8 3
2
−
None 5.59 1.33 3
2
−
∼ 6.7 6.68 1.98 7
2
−
6.46 1.2 7
2
−
6.76 1.54 7
2
−
6.38 1.21 7
2
−
∼ 6.7 6.65 2.46 9
2
+
6.3 2.9 9
2
+
None 6.76 1.33 9
2
+
> 6.7 8.13 6.32 7
2
+
7.9 2.1 5
2
−
7.94 ∼ 1 1
2
−
None
11.28 10.36 1.14 9
2
−
None 11.28 0.575 11.28 1.14 7
2
+
8
